Design and Methods-Skeletal muscle adipose tissue (AT) infiltration (myosteatosis) increases with aging and may contribute to the development of type 2 diabetes mellitus (T2DM). It remains unclear if myosteatosis is associated to glucose and insulin homeostasis independent of total and central adiposity. We evaluated the association between intermuscular AT (IMAT) in the abdominal skeletal muscles (total, paraspinal and psoas) and fasting serum glucose, insulin, and homeostasis model assessment of insulin resistance (HOMA-IR) in 393 non-diabetic Caucasian men aged 65+. Abdominal IMAT, visceral (VAT) and subcutaneous (SAT) AT (cm 3 ) were measured by quantitative computed tomography at the L4-L5 intervertebral space.
Introduction
Emerging evidence indicates that, independent of general obesity, adipose tissue (AT) infiltration in skeletal muscle (known as myosteatosis) is an important fat depot which increases with aging, and is associated with higher levels of fasting glucose and insulin, and a greater prevalence of type 2 diabetes mellitus (T2DM) and insulin resistance [1] [2] [3] [4] [5] [6] [7] . Myosteatosis may contribute to glucose and insulin abnormalities by impairing insulin action and insulin diffusion capacity, and inducing changes in local muscle metabolism and insulin sensitivity [6, 8] .
Most studies to date that examined myosteatosis have evaluated thigh or the calf muscle [6] . Thus, our knowledge of myosteatosis in relation to insulin and glucose is incomplete. Studies examining the possible association of abdominal myosteatosis and myosteatosis in specific abdominal muscle groups with glucose and insulin homeostasis are lacking. Moreover, it is still unclear whether associations of myosteatosis with insulin resistance or levels of glucose and insulin are independent of other AT depots known to be associated with glucose, insulin and insulin resistance, including abdominal visceral and subcutaneous adiposity [9] .
We addressed the question of whether abdominal muscle myosteatosis is related to glucose, insulin and insulin resistance in a cohort of elderly men without T2DM who had abdominal imaging and fasting insulin and glucose levels. Our objectives were to: 1) quantify the association of intermuscular AT (i.e. AT beneath the fascia) in all abdominal muscles with glucose, insulin and insulin resistance; 2) determine the association of intermuscular AT in specific abdominal muscle groups (paraspinal and psoas) with glucose, insulin and insulin resistance, and; 3) test if the observed associations are independent of total body, visceral and subcutaneous adiposity.
Materials and Methods

Study population
The Osteoporotic Fractures in Men (MrOS) Study is a prospective multi-center study that enrolled 5994 men aged 65 years and older from 6 geographic regions (Birmingham, AL; Minneapolis, MN; Palo Alto, CA; Pittsburgh, PA; Portland, OR; and San Diego, CA) in the US between March 2000 and April 2002. Details of the study have been previously described [10] . The study was designed to determine risk factors for bone loss, fractures and other conditions of aging among elderly men. To participate in MrOS, men had to be able to walk without assistance from another person, and could not have had a bilateral hip replacement surgery. Men were recruited primarily through community-based mailing lists. Advertisements in local and senior newspapers and presentations to community groups were used to supplement recruitment efforts. The study was approved by the Institutional Review Boards at all study sites, and written informed consent was obtained from participants prior to data collection.
Selection for QCT scanning at baseline
Quantitative computed tomography (QCT) is considered a gold standard for assessing adipose tissue distribution in the subcutaneous and visceral compartments [9] and provides valid measurements of skeletal muscle [11] . The MrOS QCT cohort was comprised of 3786 (or 63% of the parent cohort) who were referred for hip and lumbar spine scans as part of their baseline visit as described previously [12] . All QCT scans were obtained using a standardized protocol. Men were scanned in the supine position and a calibration standard was scanned with each man. For the abdominal QCT scans, the region of interest encompassed the mid-L3 to the mid-L5 vertebra, which was scanned at settings of 90 kVp, 140 mA, and 512 × 512 matrix in spiral reconstruction mode.
QCT abdominal body composition reading was later proposed and funded to investigate its relationship with different aging-related end points. Due to the relatively high cost to perform QCT image analysis, a random sample of the QCT cohort was targeted for abdominal body composition assessments. Our sampling strategy was performed as follows. Within the cohort, biologic assays including insulin and glucose had been performed in a random sample of 1,000 men prior to our funding for abdominal body composition measurement. To make efficient use of biologic and imaging resources, we selected the 667 men who had abdominal QCT in this original random sample. Within this sample, abdominal scans were unavailable for 18 men, bringing the total number of QCT abdominal scans available for image processing to 649.
Measurements of abdominal adipose and muscle volumes from QCT scans
The 649 abdominal scans were processed on workstations equipped with sensitive digitizing pens (Wacom Technology Corp., Vancouver, WA) and Analyze biomedical imaging software (AnalyzeDirect Inc., Overland Park, KS). Image processing was completed by two readers at Oregon Health & Science University in Portland using a standardized protocol. The image processing protocol described below produced volumes of subcutaneous AT, visceral AT, total abdominal skeletal muscle, psoas muscle and paraspinal muscle ( Figure  1 ). Inter-and intra-reader reliability were monitored throughout image processing with intraclass correlations coefficients (ICC). Final ICCs were all ≥0.94 for each tissue measure.
In the available scans, the 5-mm slice at L4-5 intervertebral space was identified, verified on the scout view, and extracted from the scan series for processing. To account for variation between scanners used at the enrollment sites, we rescaled the native Hounsfield units (HU) in each scan so that an average of 0 HU was obtained for the 0mg/cm 3 hydroxyapatite portion of the calibration standard. Voxels within the slice were then separated into colorcoded objects containing adipose tissue (−190 to −30 HU) [13, 14] and muscle (0 to 100 HU) [15, 16] . The fascial borders of the skeletal muscles were traced manually and segmented out of the image. A closed contour was then drawn in the space created by removal of the skeletal muscle wall. Subcutaneous adipose tissue (SAT) was defined as voxels outside of the contour and with HU in the range for adipose tissue (Figure 1 ). Visceral adipose tissue (VAT) was defined as voxels within the contour and with HU in the adipose tissue range (Figure 1 ). For each depot, volumes (cm 3 ) were computed automatically by the software as the number of voxels multiplied by the voxel volume.
Following measurement of the AT depots, we conducted further processing to produce the muscle measures. In the image obtained from muscle segmentation, we inactivated all voxels within the vertebral body or iliac crest. Total abdominal muscle was defined from the remaining voxels with HU in the ranges for muscle or adipose tissue. Total volumes of all abdominal skeletal muscle, and of the psoas and paraspinal muscle groups separately, are computed as the sum of the muscle tissue and the intermuscular adipose tissue (IMAT) volumes [15] . The IMAT volume was computed for each muscle group (Figure 1 ).
During image processing, a total of 75 (12%) scans failed processing because part of the abdomen or the calibration standard was outside the field of view (n=53) or the scan did not contain the appropriate region of interest (n=22). In another 28 (4%) scans, not all measures could be produced because fascial borders were obscured by beam hardening artifact (n=20), movement during the scan (n=7), or other reason (n=1). Thus, complete abdominal AT and muscle measures were produced for 546 (82%) of the original random sample. Importantly, there were no differences in total body fat, glucose or insulin levels between men whose QCT scans could not be processed and the men whose QCT scans were successfully processed.
Other Baseline Measures
Height was measured with wall-mounted Harpenden stadiometers, and weight was measured on standard balance beam or digital scales using standard protocols. Whole body scan DXA measurements were performed using a Hologic QDR 4500W densitometer (Hologic Inc., Bedford MA), and using a uniform procedure that included centralized standardization and monitoring of quality. Scans were analyzed with QDR software version 8.26a. Information on lifestyle habits (current smoking, alcohol use, and physical activity), demographic information, and medical conditions were assessed using self-administered questionnaires. Alcohol use was categorized as <14 (low/moderate use) and ≥14 (high use) drinks per week. Physical activity was measured by the Physical Activity Scale for the Elderly (PASE) (unitless relative measure of physical activity) which measures total, occupational, household, and leisure physical activities over the previous seven days. Participants were instructed to bring in all prescription medications taken in the past 30 days to their clinic visit, and study coordinators recorded the medications and data were stored in an electronic medications inventory database (San Francisco Coordinating Center, San Francisco, CA). The Iowa Drug Information Service Drug Vocabulary (College of Pharmacy, University of Iowa, Iowa City, IA) was used to identify ingredient(s) in the medications [17] . Fasting morning serum samples were collected at baseline and stored at −70 °Celsius. Previously unthawed serum was assayed for glucose using a hexokinase method and insulin using a two-site immune-enzymometeric assay with auto-analyzers (Northwest Lipid Metabolism and Diabetes Research Laboratories, Seattle, WA). Inter-assay coefficients of 111 variation (CV) based on blind duplicates was <3% for glucose and <10% for insulin. The degree of insulin resistance was estimated by the homeostatic model assessment (HOMA-IR) according to the method described by Matthews et al [18] . T2DM was defined as fasting serum glucose ≥126mg/dl or current use of diabetes medication(s). Obesity was defined as BMI ≥30 kg/m 2 .
Statistical methods
Before analysis, we further excluded men with T2DM (n=51), non-white men (n=44), men who were missing DXA measures (n=39), or metabolic assay data (n=19) from the 546 men with complete abdominal AT and muscle measures, leaving an analytic cohort of 393 Caucasian men. Since African and Asian ancestry individuals have more intermuscular AT compared to Caucasians, even after adjustment for differences in total adiposity and lifestyle factors [19] [20] [21] [22] , and because of the sample size of nonwhite men with available QCT scans was too small to enable meaningful analyses, we excluded non-white men.
Analysis of covariance (ANCOVA) was conducted using the general linear model procedure (GLM) to test for differences in adjusted mean characteristics of men by 5-year age groups. Spearman correlation coefficients among total body, visceral and subcutaneous adiposity and abdominal IMAT volumes were calculated and are shown in Table 2 . Prior to the regression analysis we examined multi-collinearity by assessing the variance inflation factor (VIF). A VIF greater than 2.5 for the linear regression model was used as an indicator of multi-collinearity. None of the VIF values for our variables in any of the models exceeded the value of 2.5. Using multivariable linear regression analysis, we estimated the extent to which insulin, glucose or the HOMA-IR were associated with total abdominal, paraspinal and psoas IMAT volume. Separate models were fit for each metabolic measure as the dependent variable. The relationships between abdominal muscle IMAT and T2DM related biomarkers were expressed as percent increase in fasting glucose, insulin and insulin resistance per 1 SD increase in mean values of abdominal muscle IMAT volumes, along with 95% confidence intervals (CIs). The formula used to calculate the percent difference in metabolic measures per SD change of abdominal muscle IMAT was as follows: [(b coefficient X SD)/mean metabolic measure] X 100. The corresponding CIs were calculated as follows: {[(b coefficient ± 1.96 X SE) X SD]/mean metabolic measure} X 100]. Model fitting proceeded as follows. Initial analyses were adjusted for age, study site, height and muscle volume (model 1). We further added potentially important lifestyle factors (PASE score as a measure of physical activity, current smoking, and current alcohol use) into the analysis (model 2). To address whether the association of abdominal myosteatosis and metabolic risk factors exceeds that of total or central adiposity, analyses were further adjusted for DXA total body fat percent (model 3), visceral AT (model 4), DXA total body fat percent and visceral AT (model 5) and subcutaneous AT (model 6). The Statistical Analysis System (SAS, version 9.1.2.; SAS Institute, Cary, NC) was used for statistical analysis. Table 1 shows the characteristics of 393 men. The mean age was 74 years. Participants were slightly overweight on average (BMI 26.6 kg/m 2 ). Around 13% of the men were obese (BMI of ≥30 kg/m 2 ). Table 2 shows correlation coefficients between total body, visceral and subcutaneous adiposity and abdominal IMAT volumes used in our analyses. All the correlation coefficients were positive and significant (All P ≤0.02). The majority of the adiposity phenotypes demonstrated moderate to high correlation (r=0.24 to 0.77), except for the weaker correlation between SAT and paraspinal IMAT (r=0.12, P=0.02), and between SAT and psoas IMAT (r=0.15, P=0.003).
Results
We further examined the mean values of QCT abdominal intermuscular adiposity variables by 5-year age-groups while adjusting for study site, height, muscle volume, and DXA total body fat percent (Table 3) . Total abdominal and paraspinal IMAT volumes increased with advancing age (both P ≤0.003). In contrast, psoas IMAT showed no differences across the age groups.
The results from multiple regression analyses are shown in Table 4 . After adjusting for age, study site, height, and corresponding muscle volume, total abdominal and psoas IMAT volumes were positively associated with fasting glucose, insulin and HOMA-IR (all P≤0.004). Paraspinal muscle IMAT volume was not associated with any of the T2DM related biomarkers. The directions and strength of these associations remained very similar after additionally including physical activity, current smoking, and current alcohol intake into the models (all P≤0.003). We further tested for the relation between abdominal IMAT volumes and the T2DM related biomarkers independent of total and central adiposity. The association between total abdominal and psoas IMAT with fasting glucose levels was in general weaker than an association with insulin and HOMA-IR, and disappeared after including total body fat percent or VAT as a covariate. Total abdominal and psoas muscle IMAT volumes remained positively associated with fasting insulin and HOMA-IR (all P≤0.009) independent of total, visceral and subcutaneous adiposity, added as covariates in three separate models. For example, independent of total body fat percent, each SD (6.1 cm 3 ) increase in total abdominal muscle IMAT was associated with 14.5% and 15.8% greater insulin and HOMA-IR, respectively. Similarly, independent of total body fat percent, each SD (0.9 cm 3 ) increase in psoas IMAT was associated with 19.9% and 21.9% greater insulin and HOMA-IR, respectively. There remained a significant association between total abdominal and psoas IMAT volumes and insulin and HOMA-IR after adjusting for visceral adiposity (all P≤0.009), but slightly attenuated in case of total abdominal IMAT. Independent of visceral adiposity, each SD (6.1 cm 3 ) increase in total abdominal muscle IMAT was associated with 11.6% and 12% greater insulin and HOMA-IR, respectively, whereas each SD (0.9 cm 3 ) increase in psoas IMAT was associated with 19.2% and 20.7% greater insulin and HOMA-IR, respectively. To examine whether the effects of abdominal IMAT volumes on insulin and HOMA-IR are due to both total body and visceral adiposity or to just one (total or visceral adiposity) we added a model with both VAT and total body fat percent (Table 4 , Model 5). We observed a slight attenuation of the association between both total abdominal and psoas IMAT volumes with fasting insulin and HOMA-IR (all P≤0.05). For example, independent of both total body fat and visceral adiposity, each SD (6.1 cm 3 ) increase in total abdominal muscle IMAT was associated with 8.7% and 9.1% greater insulin and HOMA-IR, respectively, whereas each SD (0.9 cm 3 ) increase in psoas IMAT was now associated with 16.4% and 17.9% greater insulin and HOMA-IR, respectively.
Finally, we repeated the analyses of psoas IMAT volume association with metabolic measures after further adjusting for total abdominal IMAT (data not shown). The association between the psoas IMAT volume and fasting insulin and HOMA-IR remained positive and significant (all P≤0.002) and very similar to the association observed in Table 4 . For example, independent of total body fat percent, visceral adiposity, and total abdominal IMAT volume, each SD (0.9 cm 3 ) increase in psoas IMAT was associated with 16.7% and 18.4% greater insulin and HOMA-IR, respectively.
Discussion
In this study, we comprehensively assessed adipose tissue infiltration in abdominal skeletal muscle groups (i.e. abdominal myosteatosis) using QCT, and examined its association with fasting glucose, insulin, and insulin resistance among older Caucasian men without T2DM. Our study describes a previously unrecognized association between abdominal myosteatosis and hyperinsulinemia and also between abdominal myosteatosis and insulin resistance. For the first time we report that the association between myosteatosis and insulin and insulin resistance is independent of total body fat, visceral or subcutaneous adiposity. Moreover, we found that these relationships may be specific for particular abdominal muscle groups, illustrating the potential importance of separately studying myosteatosis in specific muscle groups.
Based on previous studies, there is consistent evidence that both intra-and inter-muscular fat in leg skeletal muscles are significantly associated with glucose and insulin abnormalities. Earlier studies have reported a positive association between intramyocellular fat and insulin resistance among obese, older, sedentary lean and diabetic individuals [23] , as well as among healthy individuals [24] . Goodpaster et al. have reported a positive association between intermuscular fat measured in the mid-thigh and T2DM among 2964 elderly men and women [3] . Another study conducted in 1249 middle-aged and older men of African ancestry reported intermuscular fat, measured in the calf, to be positively associated with T2DM, independent of total adiposity, even in a subset of lean men [7] . A study of 249 Caucasian men and women has recently reported that intermuscular fat is associated with insulin resistance in both genders [1] . A positive association of intermuscular fat with insulin and insulin resistance [1] , and with T2DM [2] has been reported in a few other small studies. Whether the relation of myosteatosis with insulin and insulin resistance is part of the causal link between myosteatosis and T2DM remains to be established in large longitudinal studies.
Although, our understanding of the mechanisms linking myosteatosis, and in particular, intermuscular AT with hyperinsulinemia and insulin resistance, is still very limited, some have proposed that intermuscular AT may impair nutritive blood flow to muscle, and thus, contribute to insulin resistance by impairing insulin action and insulin diffusion capacity [25] . Another possible mechanism linking intermuscular AT with hyperinsulinemia and insulin resistance may be through impaired secretion of adipokines [26] . Increased accumulation of intermuscular AT could induce changes in muscle metabolism and insulin sensitivity via local secretion of inflammatory adipokines from fat cells surrounding muscle fibers [26] .A recent study reported that increased number of intermuscular adipocytes has a direct local impact on skeletal myocyte metabolism, causing increased myotube mRNA expression of genes involved in oxidative metabolism, and thus, influencing metabolic outcomes [8] . The study suggests that even the relatively small amount of intermuscular AT may be sufficient to drive myotubes into lipid oxidation and affect muscle metabolism locally. While more studies are needed to elucidate the molecular connection between increased intermuscular AT and muscle metabolic dysfunction, these recent findings support the hypothesis that even a relatively small amount of adipose tissue located in the skeletal muscle may be sufficient to affect muscle metabolism locally.
The observation of previous studies that CT measures of abdominal myosteatosis seem to be only moderately correlated with CT measures of thigh myosteatosis [27] prompted us to examine the link between abdominal myosteatosis in separate muscle groups and glucose, insulin, and insulin resistance. After taking into consideration total and central adiposity measures, as well as myosteatosis of the total abdominal muscle, we were further able to confirm a positive independent association between psoas myosteatosis and hyperinsulinemia and insulin resistance, but we found no such association with paraspinal myosteatosis. Similar to the findings from our study, a positive association between psoas myosteatosis and hyperinsulinemia and insulin resistance was previously described in HIVpositive patients with lipodystrophy [28] . Although adipose tissue content of paraspinal muscles has been explored, all of the previous studies have tested the association with chronic lower back pain and low back stability [29] , and not with metabolic disorders. A study in 333 patients with nonalcoholic fatty liver disease has shown that CT measured myosteatosis in the paraspinal muscles is strongly associated with liver steatosis and may actually reflect the severity of the disorder [30] , however, the association with glucose and insulin was not described.
A significant association between psoas, but not paraspinal myosteatosis, and fasting insulin levels as well as insulin resistance, illustrate that AT content in different depots may differ. Previous small reports have suggested that a correlation of AT content in various nonadipose tissues, such as between the AT depots in the liver, pancreas and heart may not always be strong [31, 32] , and that their individual relationship with metabolic disturbances may differ [33] . The results of previous studies, in addition to our findings, suggest that it is possible that the clinical consequences of AT depots depend on the function of the organ, and could vary by anatomical region. The psoas and paraspinal muscles indeed have different functions, and also different skeletal muscle morphology [34, 35] . The psoas muscle covers the anterolateral aspects of the lumbar spine and inserts on the femur, and acts as a flexor for the lumbar spine, rotator of the thigh, and as a hip flexor [35] . Lumbar paraspinal muscles are located on each side of the lumbar spine, attached to the vertebrae, providing necessary levels of trunk stability and trunk movement, and assisting in extension and lateral flexion of the spine [34] . Furthermore, AT content of the muscle vary with fiber type, with type I muscle fibers having a 2-3 times greater fat content than type II fibers in physiologic conditions [34] . Additionally, type I muscle fibers are more insulin sensitive than type II muscle fibers [36] , and the distribution of muscle fiber types across various skeletal muscles in T2DM individuals is shifted toward faster, type II muscle fibers [37] . A recent study conducted in patients undergoing spinal surgery has shown that the lumbar paraspinal muscles are composed of relatively high percent of insulin sensitive type I fibers (63%), compared to type IIA (19%) and type IIB (18%) fibers, consistent with a postural function [38] . In contrast, compared to paraspinal muscles, the psoas muscle was found to be composed of a lower percentage of type I fibers (42%) and a higher percentage of type IIA (33%) and IIB fibers (26%), similar to the appendicular muscles. We speculate that due to a different function and morphology of psoas and paraspinal muscles, increased AT infiltration in paraspinal muscles may be found in normal physiologic conditions and may not have a harmful effect on metabolic risk factors as increased AT infiltration in psoas muscle has.
Our results also support the hypothesis that remodeling of AT distribution in abdominal muscles occurs with advancing age, independent of total body fat and muscle volume. Total abdominal and paraspinal increased across age groups, while psoas IMAT remained similar across age groups. The observation that abdominal IMAT increases across age groups, is in agreement with a previous large longitudinal study of myosteatosis in leg muscles, which reported an increase in thigh intermuscular AT with aging in older men and women, irrespective of changes in weight [39] . Similar to our findings, it was previously shown that paraspinal muscle volume uniformly decreases, and paraspinal myosteatosis increases with age [40] . In contrast, although psoas muscle also declined in volume with age, this was not accompanied with a corresponding increase in myosteatosis [40] . Future longitudinal studies are needed to better delineate the effects of aging on AT infiltration in the abdominal skeletal muscles.
The present study has some limitations. First, our study was cross-sectional in design and our analyses may be subject to the limitations of cross-sectional studies such as cohort effects and biases introduced by selective survivorship. A longitudinal study is critically needed to delineate the effects of AT infiltration in the skeletal muscle on metabolic risk factors, and the effects of aging on AT infiltration in the abdominal skeletal muscles. Second, our findings may not apply to younger men, younger and older women, and other ethnicities. Third, as we only had measures of fasting glucose and not 2-hour oral glucose tolerance test we were not able to exclude everyone with T2DM. Fourth, we used the homeostasis model assessment for insulin resistance (HOMA-IR), which is not as accurate as the hyperinsulinemic-euglycemic clamp for assessment of insulin sensitivity. As we had no clinical measures of insulin sensitivity in the abdominal muscles under study, but rather just an estimate of an overall insulin resistance as assessed by the HOMA-IR, our study cannot be interpreted as representing a relation between the AT infiltration in the abdominal skeletal muscles and insulin sensitivity in these muscles. Finally, AT depots in other nonadipose tissues and organs, such as AT infiltration in the thigh, or in the liver, pancreas, and heart, was not assessed, and thus, we were not able to test if the observed associations are independent of other ectopic AT depots. In particular, future studies should include measures of liver AT infiltration as it is possible that the observed association between abdominal myosteatosis and insulin resistance, as measured by HOMA-IR, may be driven, in part, by increased ectopic AT infiltration in the liver.
In summary, our findings suggest that total abdominal and psoas muscle adipose tissue infiltration is independently associated with hyperinsulinemia and insulin resistance among older Caucasian men. Longitudinal studies are needed to better characterize the possible effects of adipose tissue infiltration within the total abdominal skeletal muscle as well as within specific abdominal muscle groups on the development of T2DM and associated metabolic abnormalities. The morphologically discrete tissues measured during image processing are: A. subcutaneous adipose tissue which lies between the dermis and the fascia of the abdominal muscles; B. visceral adipose tissue which forms around the internal organs in the visceral cavity; and C. abdominal skeletal muscle (colored pink) and intermuscular adipose tissue (colored brown). The specific muscle groups denoted by yellow arrows are psoas muscles (PS) (lateral to the vertebral body) and paraspinal muscles (PL) (posterior to the vertebral body). Table 2 Interrelationship of all adiposity measures used in our analyses (spearman correlation coefficients) Table 3 QCT measured abdominal myosteatosis measures across 5-year age-groups (N=393) Values are means (95% CI) adjusted for study site, height, muscle volume (*abdominal, **paraspinal or ***psoas), and DXA total body fat percent
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